Abstract -Worker body size is a key feature for stingless bee biology, being related with the foraging range of colonies. We correlated the intertegular span, corbicular area, head width, and interocular distance, as well as the fresh weight, from workers of Melipona flavolineata, a species from the Amazonian Region, with the stored reserves of honey and pollen. The food reserves decreased with the increase of rainfall, and there was a significant correlation between intertegular span, corbicular area, and food stores. The corbiculae was inversely correlated with food reserves, while the width of thorax was positively related. We consider the allometric variation of thorax width and corbicular area as a mechanism to adjust colonial food collection, since larger corbiculae would maximize the pollen-gathering during the rainy, dearth periods, and when the resource supply increases, the workers increase in the width of thorax, being able to explore larger areas and replenish the colonial food stores.
INTRODUCTION
Weather is an important determining element for several activities of solitary and social bees, including the patterns of external activity (Hilário et al. 2001; Pereboom and Biesmeijer 2003; Pyke et al. 2011) and resource gathering, which is redirected to the nutrition of larvae and adults (Roulston and Goodell 2011) . In stingless bees (Hymenoptera, Apidae, Meliponini, sensu Michener 2000) , the influence of food stores on the sex ratio has been established: the lesser the stores, the fewer individuals produced, particularly drones (e.g., Moo-Valle et al. 2001 ).
Regarding drones, Pech-May et al. (2012) also found a positive relation between food stores and body size, as well as sperm quantity. Seasonal availability of food resources also seems to influence the proportion of queens among females (van Veen et al. 1999; MooValle et al. 2001; Morais et al. 2006; Ferreira Jr et al. 2012) . Kerr et al. (1966) predicted that, during starvation periods, Melipona colonies would provision less food to their brood, and consequently, less queens would be produced. So far, however, there are no data on seasonal quantitative and qualitative variations in larval food of Melipona species (Hartfelder et al. 2006) .
Size variation in worker caste related to environmental factors and food stores has not been extensively investigated, although body size is a key aspect for the colony fitness, since at least 75.5 % of the size variation of workers is not attributed to phylogenetic effects but to food collection necessities (Pignata and DinizFilho 1996) . Body weight has been observed to change in relation to age in Melipona quadrifasciata anthidioides Lepeletier, 1836 (Contrera et al. 2006) , and Ramalho et al. (1998) , in the same species, observed an inverse relationship of colony condition, overall worker size, and the size of the corbiculae. In this species, the allometric variation of body and corbiculae sizes may help to maximize pollen collection in dearth periods because, when colonies become weaker and invest in smaller workers, they individually have larger corbiculae and can thus bring back larger pollen loads.
For the Mesoamerican meliponine species Nannotrigona perilampoides Cresson, 1878, Quezada-Euán et al. (2011) showed that the quality and the quantity of the larval food offered to workers was also a relevant factor influencing worker caste size variation, with seasonal variations in food stores hypothesized to correlate with body size. In regard to seasonality, Roubik (1982) found a relationship between it and worker longevity in Melipona favosa Fabricius, 1798, and Melipona fulva Lepeletier, 1836; in a dearth period (the rainy season in his study), when the food stores decreased, worker longevity increased, and in times of food abundance, the longevity decreased, perhaps influenced by the increased foraging effort they exerted (see Schmid-Hempel and Wolf 1988) .
Since in stingless bees, like in other bee groups, body size is correlated with foraging range (Roubik and Aluja 1983; van Niewstadt and Iraheta 1996; Araújo et al. 2004; Greenleaf et al. 2007 ) and with intra-specific variations (Ramalho et al. 1998; Kuhn-Neto et al. 2009 ), the aim of this study was to understand how the food stores are influenced by rainfall (seasonal food dearth) and its relation with body size variation of workers in a Melipona species from the Amazonian Region, where the distinct dry and rainy seasons influence the food stores of the colonies and several life-history traits of this Neotropical bee group (Roubik 1989 ).
MATERIALS AND METHODS
The subject species of this study was Melipona flavolineata Friese, 1900, which occurs in the states of Maranhão, Pará, Tocantins, and Ceará (Camargo and Pedro 2008) , the first three States part of the Brazilian Amazon. All the experiments were performed in the meliponary of Embrapa Amazônia Oriental (1°26′11.52″S, 48°26′35.50″W), in Belém, Pará State, Brazil. The climate of the region is type Af (according to the Köppen Geiger classification), which is characterized by dry seasons with a precipitation no less than 60 mm on the dry months of the year and high temperatures (Peel et al. 2007 ).
The subject colonies were kept in hives designed for their breeding (Venturieri 2004) , and during all this period, they did not receive extra food and did not have their food stores disturbed or augmented. Thus, they survived only with the resources they could collect in the area (secondary forests patches and several agricultural crops). The experiments were executed from September 2010 to June 2011, and consisted of three procedures, described below.
Worker morphometry and weight
Monthly, and starting in October 2010, we removed newly emerged workers from three colonies of M. flavolineata (colony 2, the strongest; colony 3, medium; and 5, the weakest, considering population size, flight activity, and food stores) to obtain their fresh weight (using a digital balance O-HAUS Marte MP4 V2.5 Class 2; d00.001 g). We started the experiments with five colonies, but, in the second month, two of them lost their queens, thus being removed from our analysis. After this procedure, the workers were killed, and their interocular distance, intertegular distance, and head width were obtained in a stereomicroscope Zeiss Discovery V-20 EMS-2. The area (in square millimeters) of the rightcorbiculae was also measured; photographs of the corbiculae were taken with a Moticam 2500 5.0Mpixel USB 2.0 camera mounted on a Motic MLC-150C digital stereomicroscope and then measured by using the software Motic Image Plus 2.0.
The maximum number of workers removed from each colony per month was ten, in order to avoid weakening of the subject colonies. We manually removed workers, by selecting combs with workers ready to emerge and placing them in heated hives. When the workers were ready to emerge (verified through the observation of movement inside the cell), the cell lids were opened with the aid of tweezers, and they were immediately weighed before they could feed and thus change their weight.
Colonies' resource-gathering and food stores
For all studied colonies during the experimental period, beginning in September 2010, we counted once a week, during 5 min/h/colony, how many foragers returned with nectar and pollen (Nates-Parra and Rodríguez 2011), according the protocol of Oliveira (1973; followed by, e.g., Pierrot and Schlindwein 2003; Hilário and Imperatriz-Fonseca 2009 ). The observations were made from 0600 h until 1200 h, the period when more than 90 % of foraging trips are made (e.g., Hilário et al. 2000 Hilário et al. , 2001 . The goal of this procedure was to estimate how the gathering of nectar and pollen varied across the experimental period. We also measured how the food reserves of the colonies varied, by the counting of the honey and pollen food pots with contents that were present in the hives.
Analysis
In stingless bees, brood cells are massprovisioned, thus completed before oviposition (Sakagami 1982; Roubik 1989) . After egg-laying, the cell is closed and the individuals develop (34 to 38 days from egg to adult in workers of M. quadrifasciata ; Kerr 1950 ; no data for M. flavolineata). We therefore related the body size of the newly emerged workers from the different colonies (N0249; three colonies; Table I ) with the food stores of the previous month.
Excluding the corbiculae, the other body size variables (fresh weight, interocular distance, head width, and intertegular distance) were correlated (Pearson's correlation test ≥0.20, P<0.05), thus we chose the intertegular distance and the corbicular area to run the tests. The choice of intertegular distance is due to its relevance with foraging range and the corbiculae with the pollen-carrying capacity (see "Introduction"). Before choosing the tests to compare these measures with the food stores of the colony, we standardized the measures of corbicular area and intertegular distance, because they had different units (cubic millimeters and millimeters, respectively). Thus, the comparisons were made by using the relative size of corbicular area and intertegular distance. The standardization was performed by subtracting each measure by the mean and dividing it by its standard deviation.
Since the standardized intertegular distance did not have a normal distribution (Shapiro's Wilk W, 0.94, P < 0.0001) nor homogeneous variances (Levene's test, F (2,246) 03.96, P00.02) and the standardized corbicular area followed the parametric assumptions (normal data, Shapiro's Wilk W, 0.99, P00.098; homogeneous variances, Levene's test, F (2,246) 02.94, P00.06), we chose non-parametric tests when considering the intertegular distance and parametric tests when considering the corbicular area.
To verify if the intertegular distance and corbicular area (standardized values) varied according the seasons (rainy or dry), we used a Student's t test (Zar 1999) . To verify the influence of the food stores (total stores, since the honey and pollen pots were correlated, Spearman's R00.20, P<0.05) on the body size variation in M. flavolineata, we used a simple regression (for the corbicular area) and a Spearman's correlation test for the intertegular distance. We also performed a simple regression between the standardized intertegular distance and corbicular area to values to verify if there was any allometric variation between them (by verifying the slope of the regression equation). We also performed a Spearman correlation test (R) between monthly precipitation and pollen and nectar gathering and food reserves. For all tests, we used a significance level of 5 % (Zar 1999 ).
RESULTS

Rainfall and food collection and reserves
There was a clear dry and wet season during the study period (dry season: September 2010-January 2011; rainy season: February-June 2011, Figure 1a) , and the precipitation rates were inversely correlated with the nectar (Spearman R0−0.47, P<0.05; Figure 1b ) and pollen collection (Spearman R0−0.57, P<0.05; Figure 1b) . With respect to the food stores (Figure 1c) , the total reserves of food decreased with the increment of rainfall (Spearman R0 −0.39, P<0.05; honey reserves, R0−0.40, P< 0.05; pollen reserves, R0−0.03, P0ns). The size of the corbiculae and intertegular distance followed an allometric and inverse pattern (N 0249, corbicular area 0−0.0068-0.1257× intertegular distance, P00.049); the bigger the corbiculae, the smaller the intertegular distance. The colonies differed in the mean size of the corbiculae and intertegular distance (Tukey's HSD; P<0.05); the colony 2, the strongest, had the biggest (considering all the study period, not the seasonal variation) intertegular distance and smaller corbiculae whereas the colony 5 had the smaller intertegular distance and the bigger corbular area (Table I) .
There was an influence of the total stores of pollen and honey as well as colonial effects on the overall body size variation (standardized values) in M. flavolineata. The intertegular distance of colonies 2 and 3 significantly increased (R≈0.50) with the increment of food stores (Table II) while the intertegular distance of colony 5 did not suffer a significant influence (P00.06) from them. In an opposite way, the corbicular area of colonies 2 and 3 were not influenced by the food stores, but the corbicular area of colony 5 significantly decreased (β0 −0.45) with the increment of the food stores (Table III) .
The intertegular distance of all colonies decreased in the rainy season (February-June 2011; U04,633.5, Z05.30, P<0.00001), whereas the size of the corbiculae followed the inverse pattern (All colonies, t (df 0247) 0−4.23, P 0 0.00003). Only colony 2 did not experience a significant increase of the corbiculae in the rainy season (t (df088) 0−1.78, P00.08; Figure 2a-d) .
DISCUSSION
As central-place foragers (Elliott 1988) , stingless bee's workers must return to their perennial nests after each foraging trip, to unload and process the gathered resources. In meliponine bees, there is a recognized relationship between their body size, especially their intertegular span, and the foraging range of individuals and colonies (Roubik and Aluja 1983; van Niewstadt and Iraheta 1996; Araújo et al. 2004; Kuhn-Neto et al. 2009 ). One might expect that colonies would always invest in larger individuals, with a potential to explore the largest foraging area possible. However, the relation between worker body size and the fitness/survival of the colony involves several factors, such as the climate, the amount of the food stores, and the competition with other colonies.
A key determinant of activity and resource gathering in bees is the climate, because it can affect the individuals (e.g., direct mortality caused by a pouring rain) and the colony, when the resources they gather diminish in dearth periods. Stingless bees from tropical areas, especially from the Amazonian Region, experience distinct dry and rainy seasons, where in the rainy season the floral resources become scarcer and the colonies rely on their food stores in order to survive (Roubik 1982 (Roubik , 1989 . In our study, we found a significant correlation between the intertegular span, the corbiculae size of workers, and the stores of honey and pollen of M. flavolineata. However, the link between worker size and pollen gathering is complex, because the overall body size of bees and the Table II . Effects (Spearman's R) of the total stores of pollen and honey on the intertegular distance of newly emerged workers from three colonies of M. flavolineata. size of their corbiculae are inversely correlated (as Ramalho et al. 1998 , found in M. quadrifasciata). In the rainy season, when food stores are decreased (R0−0.40), all colonies produced smaller individuals concerning the width of thorax, and two colonies produced individuals with larger corbiculae, except the strongest colony (colony 2), in which the increase of corbiculae was non-significant (P00.08). Ramalho et al. (1998) showed that the smaller individuals can carry proportionally more pollen than the larger ones, thus the colonies can save food stores and still can keep reasonable pollen loading capabilities. On the other hand, these smaller individuals have a smaller foraging range, since the intertegular distance is closely related to flight distance because the flight muscles are inserted in this area (Greenleaf et al. 2007) .
When the colony food stores increased, the pattern was inverted; the colony invested in bigger overall individuals (intertegular distance), which are able to explore a larger area, to maximize the collection of pollen and nectar, but can carry less pollen per unit of weight (Ramalho et al. 1998 ). These compensatory mechanisms of allometric variations and its implications are not yet fully understood in stingless bees, but they clearly can confer adaptive benefits to the colonies (as shown by Grüter et al. 2012) . As Ramalho (1998) found, we also acknowledged a colonial effect in our data: the weaker the colony, the smaller the intertegular distance and the greater the corbicular area, although the described seasonal variation of proportions between intertegular distance and corbiculae we described still applies (Figure 2a-d) .
This pattern can, for instance, be valid in a context when all colonies in a particular area experienced the shrinking on their food stores during the rainy season and must, in the richer, dry season, increase their foraging to replenish the food stores. Since, in stingless bees there is a fierce competition by food sources, with some groups (e.g., Trigona spp.) tending to monopolize richer food sources (Nieh et al. 2005) , it seems a good strategy that in the dry season the Table III . Effects (simple regression) of the total stores of pollen and honey on the standardized corbicular area of newly emerged workers from three colonies of M. flavolineata.
Colony 2 Colony 3
Colony 5
All colonies Worker size in Melipona flavolineata colonies (specially Melipona spp., which normally evades direct conflicts on flowers; Nieh et al. 2005 ) invest in larger individuals that can explore larger areas, thus allowing them to explore areas not used by other competitors. Surely, to confirm this hypothesis, experiments at the community level, estimating the body size variation of several species and the quantity of resources they collect, as well as estimating their foraging range, must be performed.
Other taxa respond differently to these climatic constraints in food availability. In the bumblebee Bombus impatiens Cresson 1863, there is a great difference in body mass and size between the smaller and larger workers within the colony, a difference difficult to explain based only upon foraging. Following the general trends observed for bees, smaller bumble bee foragers were poorer foragers than large foragers (Jandt and Dornhaus 2009 ). However, small bumble bee workers are more resistant to starvation than bigger workers (Couvillon and Dornhaus 2010) , thus contributing to their survival on harsh climates with limited resources (for B. impatiens, the Alpine areas where they inhabit). Similarly, in Apis mellifera Linnaeus, 1758, reserves of fatty acid in the worker's body are associated with the onset of foraging: foragers were significantly leaner and had less lipid reserves than nurse bees . Furthermore, depletion of food was found to stimulate workers to become foragers .
Although the amount of food the colonies have stored and food availability in the envi- ronment affects worker body size (Roulston and Goodell 2011) , there are other factors that might influence the worker size that we did not evaluate in this study, such as the quality and quantity of the larval food. In N. perilampoides, the larval food is highly and positively correlated with worker size (Quezada-Euán et al. 2011) . In their work, the authors also acknowledged the possibility of seasonal variations in worker size. Our results, although in a different bee genus, showed that a good amount of the worker size variation for most of the colonies can be explained by the quantity of food reserves from the previous month (since it takes at least 30 days to the eggs develop into an adult bee). However, other factors may also play a role. Recently, Grüter et al. (2012) found that guards of Tetragonisca angustula Latreille 1811, are significantly heavier and have larger legs than foragers, and guard bees can more efficiently fight the robber bee Lestrimellita limao Smith, 1863. If in M. flavolineata, or in other Melipona, there is alloethism, as found in T. angustula, this may account for a significant percentage of the worker's body size variation, although it still remains to be tested.
Another relevant point to be studied is the consumption of food stores. It is unclear how stingless bee colonies consume their honey and pollen reserves (Roubik 1982) . For example, does the queen, in the rainy season, consume the pollen collected and stored in the richer dry season, or does the queen reduces her egglaying rate to save the stored pollen? A reduced or absent egg-laying was already described in the stingless bee Plebeia remota Holmberg, 1903, a species from subtropical areas which experience cold winters and enter in reproductive diapause (Alves et al. 2009 ). In this case, workers also have their longevity largely increased, in order to compensate for the absence of new individuals hatching (van Benthem et al. 1995) . According our data, the pollen stores were not directly altered by the rainfall, which seems to support the idea of reduced egg-laying in the rainy period, but since we did not measure the egg-laying in our study, it also still remains to be tested.
Thus, for a complete comprehension of the regulation of body size variation in the stingless bees from tropical areas, it is necessary to analyze the influence of resources on body size, foraging range of individuals and colonies, longevity, as well as to understand how colonies store and consume their food reserves. Only with the understanding of all these life-history traits can a complete picture of the regulation of stingless bee populations be achieved.
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